Introduction
============

Depression is one of the most prevalent and debilitating mental disorders, causing significant disability and affecting more than 350 million people worldwide.^[@bib1],\ [@bib2]^ A major limitation of current pharmacotherapies for depression is that the drugs typically take weeks or months to produce a therapeutic response, highlighting the pressing need to develop rapidly acting antidepressants. Accumulating evidence implicates the glutamatergic system in the pathophysiology and treatment of depression. Glutamate levels are elevated in patients with major depressive disorders and in rodents after chronic unpredictable stress (CUS),^[@bib3],\ [@bib4],\ [@bib5]^ which may result from the loss and dysfunction of astrocytes.^[@bib6]^ Extracellular glutamate accumulation can trigger the excessive activation of glutamatergic receptors and precipitate excitotoxicity.^[@bib7]^ Preclinical studies also showed that various *N*-methyl-D-aspartate receptor (NMDAR) antagonists induce a rapid increase in synaptic glutamate release, with the activation of glutamate transmission and recycling into glia, rather than glutamate accumulation in the extrasynaptic space, in the rat medial prefrontal cortex (mPFC),^[@bib8]^ producing rapid antidepressant-like effects.^[@bib9],\ [@bib10],\ [@bib11]^ A better understanding of glutamatergic dysregulation in major depressive disorders is important for providing mechanistic insights and identifying new therapeutic targets.

NMDARs are heteroligomeric complexes that are composed of an essential GluN1 subunit, combined with regulatory GluN2 (GluN2A--D) subunits and, in some cases, GluN3 (GluN3A--B) subunits.^[@bib12]^ GluN2A- and GluN2B-containing NMDARs are considered the major isoforms of functional NMDARs in neurons.^[@bib13]^ GluN2A-containing NMDARs are mainly located in synapses and preferentially mediate cell survival. GluN2B-containing NMDARs mainly reside at extrasynaptic sites and are involved in cell death.^[@bib14],\ [@bib15],\ [@bib16]^ The detrimental roles of the GluN2B subunit have been implicated in many central nervous system disorders, including Alzheimer's disease, Huntington's disease and ischemia.^[@bib15],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20]^ Genetic deletion or the pharmacological inhibition of the GluN2A and GluN2B subunits produces antidepressant-like effects in rodents.^[@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ Selective GluN2B antagonism also produces an antidepressant response in patients with treatment-resistant major depressive disorder.^[@bib25],\ [@bib26]^ However, still unknown are the precise mechanisms by which the selective blockade of GluN2B-containing receptors produces rapid antidepressant effects.

Under physiological conditions, negative feedback regulation prevents intracellular calcium overload.^[@bib27]^ Under pathological conditions, the overstimulation of NMDARs results in excessive calcium influx and excitotoxicity. Death-associated protein kinase 1 (DAPK1) belongs to a family of calcium/calmodulin-dependent protein kinases. Recent studies revealed that activated DAPK1 directly binds to and phosphorylates the GluN2B subunit at Ser1303 to regulate NMDAR channel conductance at extrasynaptic sites.^[@bib19]^ Extrasynaptic NMDAR stimulation triggers the cyclic AMP response element-binding protein (CREB) shut-off pathway, which consequently reduces brain-derived neurotrophic factor (BDNF) expression.^[@bib14],\ [@bib17],\ [@bib28]^ We hypothesized that the DAPK1 interaction with the GluN2B subunit in response to extracellular glutamate accumulation has a critical role in the pathophysiology of depression, and targeting this process could be a practical strategy for developing novel antidepressants.

The present study investigated the mechanisms by which DAPK1 coupling to the GluN2B subunit contributes to the development of depressive-like behavior. We assessed the effects of CUS on extracellular glutamate levels and GluN2B-associated signaling molecules in the mPFC. Under conditions of stress, extracellular glutamate overflows onto extrasynaptic GluN2B-containing NMDARs, enhancing their interaction with activated DAPK1 and leading to decreases in CREB activity and BDNF expression. We found that targeting these key connections produced rapid and sustained antidepressant-like effects and reversed stress-induced alterations in the mPFC.

Materials and methods
=====================

Animals
-------

Male Sprague--Dawley rats (240--260 g) were housed under a reverse 12 h/12 h light/dark cycle with free access to food and water.

Drugs
-----

Ifenprodil tartrate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 5% dimethylsulfoxide and 9% Tween 80/saline before use.^[@bib29]^ Dihydrokainate (DHK; 6.25 nmol μl^−1^; Sigma-Aldrich) was dissolved in 0.01 [M]{.smallcaps} phosphate-buffered saline (pH 7.4).^[@bib30]^ TC-DAPK 6 (290 n[M]{.smallcaps}) was dissolved in 2% dimethylsulfoxide and phosphate-buffered saline (pH 7.4).^[@bib31]^ Both Tat-GluN2B~CT~ and Tat-sGluN2B~CT~ were dissolved in saline.^[@bib19]^ Ketamine hydrochloride (10 mg kg^−1^) was obtained from Jiangsu Hengrui Medicine (Lianyungang, Jiangsu, China) and dissolved in saline. PEAQX (5 mg kg^−1^) and Ro 25--6981 (10 mg kg^−1^) were purchased from Abcam (Cambridge, UK) and dissolved in saline.

Surgery
-------

Guide cannulas were bilaterally implanted 1 mm above the mPFC (anterior/posterior, +3.2 mm; medial/lateral, ±2.0 mm; and dorsal/ventral, −2.8 mm) at a 16° angle.^[@bib32]^ See [Supplementary Information](#sup1){ref-type="supplementary-material"} for details.

Sucrose preference test and forced swim test
--------------------------------------------

The procedures were based on previous studies.^[@bib33],\ [@bib34]^ After adaptation for 48 h, the rats were deprived of water and food for 4 h and then subjected to the sucrose preference test, in which they were housed in individual cages for 1 h and had free access to two bottles that contained 1% sucrose or tap water. The forced swim test (FST) consisted of a plastic cylinder (25 cm diameter and 65 cm height) that was filled with water (45 cm depth) at a temperature of 23--25 °C. Immobility was defined as minimal movement of both the four limbs and tail of the rats.

CUS protocol
------------

CUS was conducted with a variable sequence of different mild stressors, with two stressors per day for 28 days, which was adapted from previous studies.^[@bib33],\ [@bib34]^

*In vivo* microdialysis and liquid chromatography--mass spectrometry for glutamate quantification
-------------------------------------------------------------------------------------------------

Microdialysis cannulas were implanted unilaterally in the right mPFC (anterior/posterior, +3.2 mm; medial/lateral, ±0.5 mm; and dorsal/ventral, −2.8 mm, 0° angle). The cannula was implanted 4 days before microdialysis. The rats were handled for 10 min per day before microdialysis. The microdialysis probe extended 1 mm below the microdialysis cannula (that is, directly in the mPFC). The procedure was based on previous studies.^[@bib35],\ [@bib36]^ See [Supplementary Information](#sup1){ref-type="supplementary-material"} for details.

Tissue sample preparation, immunoprecipitation and western blot
---------------------------------------------------------------

The procedures were based on previous studies.^[@bib19],\ [@bib37],\ [@bib38],\ [@bib39]^ See [Supplementary Information](#sup1){ref-type="supplementary-material"} for details.

Whole-cell recordings in acute brain slices
-------------------------------------------

Layer V pyramidal neurons in the mPFC were targeted for slice recordings. NMDAR-mediated excitatory postsynaptic currents were pharmacologically isolated by bath-applying the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor antagonist CNQX (10 μ[M]{.smallcaps}) at a clamp voltage of +50 mV. The stimulation intensity was adjusted to evoke a 100 pA response. Data were collected and analyzed using AxoGraph X software (AxoGraph Scientific, Sydney, NSW, Australia). See [Supplementary Information](#sup1){ref-type="supplementary-material"} for details.

Statistical analysis
--------------------

The data are expressed as mean±s.e.m. Rats were randomly allocated to treatment condition, and all of the data were collected randomly. The behavioral and biochemical/electrophysiological measurements were performed with the experimenter blind to the experimental groups. Statistical analysis of the data was performed using independent samples *t*-test, one-way analysis of variance (ANOVA), two-way ANOVA or two-way ANOVA for repeated measures followed by Tukey's *post hoc* test as appropriate. Values of *P*\<0.05 were considered statistically significant.

Results
=======

Chronic stress increased extracellular glutamate accumulation and caused glutamate overflow onto GluN2B-containing NMDARs in the mPFC
-------------------------------------------------------------------------------------------------------------------------------------

We used the CUS paradigm to assess the effects of chronic stress on extracellular glutamate levels in the mPFC. The rats were randomly divided into a CUS group and a control group, and subjected to 28 days of CUS exposure or handling, followed by tests of depressive-like behavior, *in vivo* microdialysis to determine extracellular glutamate levels and brain sample collection for the detection of astrocyte-specific markers ([Figures 1a and d](#fig1){ref-type="fig"}). Rats that were exposed to CUS exhibited a decrease in sucrose preference (*t*~20~=−3.119, *P*\<0.01; [Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}) and no changes in total fluid consumption ([Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}) in the sucrose preference test and an increase in immobility time in the FST (*t*~20~=3.076, *P*\<0.01; [Supplementary Figure S1d](#sup1){ref-type="supplementary-material"}). *In vivo* microdialysis and high-performance liquid chromatography--mass spectrometry were performed to determine extracellular glutamate levels in the mPFC. Glutamate levels significantly increased in the mPFC in CUS-exposed rats (main effect of group: F~1,7~=8.400, *P*\<0.05; [Figure 1c](#fig1){ref-type="fig"}).

Astrocytes are crucial for glutamate uptake and metabolism in the central nervous system. CUS significantly decreased the expression of two astrocyte-specific markers in the PFC (glial fibrillary acidic protein, *t*~14~=6.743, *P*\<0.01; glutamate transporter-1, *t*~14~=4.990, *P*\<0.01; [Figures 1e and f](#fig1){ref-type="fig"}), and decreased the number of glial fibrillary acidic protein-positive cells per mm^2^ (*t*~6~=4.433, *P*\<0.01; [Figures 1g and h](#fig1){ref-type="fig"}), without affecting the number of NeuN-positive cells per mm^2^ ([Supplementary Figures S1e and f](#sup1){ref-type="supplementary-material"}) in the mPFC. CUS increased NMDAR-mediated currents that were evoked by high-frequency stimulation, which was blocked by the GluN2B-specific antagonist ifenprodil (main effect of ifenprodil: F~1,20~=4.561, *P*\<0.05; [Figure 1j](#fig1){ref-type="fig"} and [Supplementary Figure S3b](#sup1){ref-type="supplementary-material"}). With the minimal stimulation protocol that activated a small number of afferents and did not cause glutamate spillover, CUS did not affect the normalized NMDAR-mediated excitatory postsynaptic current amplitude ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). In addition, CUS did not alter the NMDA decay time that was evoked by a single pulse ([Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}) but increased the NMDA decay time after bursts of high-frequency stimulation (F~1,20~=3.664, *P*=0.07; [Figure 1k](#fig1){ref-type="fig"}), which may be attributable to synaptic glutamate overflow onto distal extrasynaptic GluN2B-containing NMDARs that prolongs the excitatory postsynaptic current decay time.^[@bib40],\ [@bib41]^ We speculate that CUS-induced astrocyte dysfunction produced glutamate overflow and accumulation in the mPFC, activating extrasynaptic GluN2B-containing NMDARs and ultimately leading to depressive-like behavior.

Chronic stress and blockade of glutamate uptake overactivated GluN2B-containing NMDARs and inhibited the CREB--BDNF pathway in the mPFC
---------------------------------------------------------------------------------------------------------------------------------------

We then tested the effects of chronic stress on NMDAR subunits and associated signaling molecules in the mPFC. CUS increased the levels of GluN1 (*t*~15~=−3.464, *P*\<0.01), GluN2B (*t*~15~=−3.104, *P*\<0.01), phosphorylated GluN2B (p-GluN2B) at Ser1303 (*t*~15~=−3.662, *P*\<0.01) and DAPK1 (*t*~15~=−2.767, *P*\<0.05), and decreased the levels of p-DAPK1 at Ser308 (*t*~15~=4.633, *P*\<0.01), p-CREB (*t*~15~=3.832, *P*\<0.01) and BDNF (*t*~15~=4.107, *P*\<0.01) in the mPFC ([Figure 2b](#fig2){ref-type="fig"}). The levels of GluN2A, p-GluN2A (Tyr1325) and total CREB (t-CREB) were unaffected by CUS ([Figure 2b](#fig2){ref-type="fig"}). Co-immunoprecipitation revealed an enhanced interaction between DAPK1 and the GluN2B subunit in the mPFC after chronic stress (DAPK1: *t*~10~=−3.654, *P*\<0.01; GluN2B: *t*~10~=−3.429, *P*\<0.01), which may explain the increase in p-GluN2B at Ser1303 ([Figure 2c](#fig2){ref-type="fig"}).

We further blocked astrocytic glutamate uptake by directly infusing the glutamate transporter-1 inhibitor DHK (6.25 nmol μl^−1^; 0.5 μl per side) in the mPFC, which rapidly decreased sucrose preference (*t*~15~=6.678, *P*\<0.01), without affecting total fluid consumption ([Figure 2e](#fig2){ref-type="fig"}). The levels of p-GluN2B (*t*~15~=−2.414, *P*\<0.05) and DAPK1 (*t*~15~=−2.439, *P*\<0.05) increased, whereas the levels of p-CREB (*t*~15~=2.843, *P*\<0.05) and BDNF (*t*~15~=2.383, *P*\<0.05) decreased in the mPFC in DHK-treated rats compared with vehicle-treated rats ([Figure 2f](#fig2){ref-type="fig"}). No significant changes were found in the levels of GluN1, p-GluN2A, GluN2A, GluN2B or CREB between groups ([Figure 2f](#fig2){ref-type="fig"}). DHK treatment did not affect the number of NeuN-positive cells per mm^2^ ([Supplementary Figures S1g and h](#sup1){ref-type="supplementary-material"}) in the mPFC.

These results indicate that extracellular glutamate accumulation that was triggered by chronic stress enhanced the DAPK1--NMDAR interaction, induced overactivation of GluN2B-containing NMDARs and shut off the downstream CREB--BDNF pathway in the mPFC, which may contribute to the development of depressive-like behavior.

Selective blockade of GluN2B-containing NMDARs produced rapid antidepressant-like effects
-----------------------------------------------------------------------------------------

Rats were intraperitoneally injected with the selective GluN2B antagonist ifenprodil at different doses (0.3, 1.0 and 3.0 mg kg^−1^, intraperitoneal (i.p.)) and subjected to the open field test 30 min later, immediately followed by the FST ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). Ifenprodil at the three doses tested decreased immobility time in the FST (F~3,34~=8.593, *P*\<0.01) but did not affect locomotor activity in the open field test ([Supplementary Figures S4b and c](#sup1){ref-type="supplementary-material"}), indicating that ifenprodil has antidepressant-like effects in the FST. CUS decreased sucrose preference (F~4,43~=10.370, *P*\<0.01), without affecting total fluid consumption, and increased immobility time (F~4,43~=5.463, *P*\<0.01), both of which were rapidly and dose-dependently reversed by ifenprodil ([Figures 3b and c](#fig3){ref-type="fig"}, and [Supplementary Figure S5b](#sup1){ref-type="supplementary-material"}). Ifenprodil treatment did not affect CUS-induced depressive-like behavior 7 days after administration ([Supplementary Figures S5d--f](#sup1){ref-type="supplementary-material"}). Ifenprodil effectively rescued DHK-induced depressive-like behavior (F~1,28~=15.125, *P*\<0.01; [Supplementary Figures S6b and c](#sup1){ref-type="supplementary-material"}). These behavioral results indicate that selective blockade of the GluN2B subunit produced rapid antidepressant-like effects in the CUS paradigm and reversed depressive-like behavior that was induced by the blockade of astrocytic glutamate uptake.

We further explored the GluN2B subunit and associated signaling molecules in the mPFC after injecting a GluN2B antagonist. The rats were subjected to CUS or normal handling and injected with ifenprodil (3.0 mg kg^−1^, i.p.). The brains were removed 30 min, 1 h and 6 h later for subsequent molecular analysis ([Figure 3d](#fig3){ref-type="fig"}). CUS increased the levels of p-GluN2B (F~4,41~=4.486, *P*\<0.01) and decreased the levels of p-CREB (F~4,41~=5.368, *P*\<0.01) and BDNF (F~4,41~=6.825, *P*\<0.01) in the mPFC, which were reversed by ifenprodil administration ([Figure 3e](#fig3){ref-type="fig"}). Ifenprodil did not affect CUS-induced increases in the levels of GluN1, DAPK1 or GluN2B in the mPFC ([Figure 3e](#fig3){ref-type="fig"}). CUS decreased the levels of synaptic proteins in the mPFC, including GluA1 (F~2,23~=11.712, *P*\<0.01), postsynaptic density 95 (F~2,23~=6.768, *P*\<0.01), and synapsin I (F~2,23~=5.562, *P*\<0.05), and these decreases were reversed by ifenprodil ([Figure 3g](#fig3){ref-type="fig"}).

Previous studies found that both the GluN2A and GluN2B subunits are involved in depressive-like behavior.^[@bib21],\ [@bib22],\ [@bib23],\ [@bib42]^ We then investigated whether a selective GluN2A antagonist produces antidepressant-like effects in a model of CUS. Rats were subjected to CUS and administered the selective GluN2A antagonist PEAQX (5 mg kg^−1^, i.p.), selective GluN2B-containing NMDAR antagonist Ro 25--6981 (10 mg kg^−1^, i.p.) and nonselective NMDAR antagonist ketamine (10 mg kg^−1^, i.p.). Ro 25--6981 and ketamine reversed the CUS-induced decrease in sucrose preference (F~4,56~=7.102, *P*\<0.01) and increase in immobility time (F~4,56~=14.064, *P*\<0.01). PEAQX at a dose of 5 mg kg^−1^ did not affect these behaviors ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).

The conditioned place preference paradigm was used to assess whether the selective GluN2B antagonist ifenprodil has rewarding effects. Ifenprodil at doses of 0.3, 1.0 and 3.0 mg kg^−1^ did not induce significant conditioned place preference in rats ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).

These results indicate that selective blockade of the GluN2B subunit had rapid antidepressant-like effects, and the selective GluN2B antagonist ifenprodil had no addiction potential.

DAPK1 inhibition in the mPFC prevented CUS-induced depressive-like behavior
---------------------------------------------------------------------------

TC-DAPK 6 (290 n[M]{.smallcaps}; 0.5 μl per side), an inhibitor of DAPK1, was microinjected in the mPFC and reversed the CUS-induced decrease in sucrose preference (F~2,29~=10.714, *P*\<0.01; [Supplementary Figure S9b](#sup1){ref-type="supplementary-material"}), without affecting total fluid consumption ([Supplementary Figure S9c](#sup1){ref-type="supplementary-material"}), and reversed the increase in immobility time (F~2,29~=28.406, *P*\<0.01; [Supplementary Figure S9d](#sup1){ref-type="supplementary-material"}). These antidepressant effects lasted at least 7 days (sucrose preference test: F~2,28~=6.297, *P*\<0.01; FST: F~2,28~=8.484, *P*\<0.01; [Supplementary Figures S9g--i](#sup1){ref-type="supplementary-material"}). TC-DAPK 6 also reversed the CUS-induced increases in DAPK1 (F~2,29~=5.235, *P*\<0.01) and p-GluN2B (F~2,29~=12.843, *P*\<0.01), and reversed the CUS-induced decreases in p-CREB (F~2,29~=6.531, *P*\<0.01) and BDNF (F~2,29~=6.806, *P*\<0.01) in the mPFC ([Supplementary Figure S9e](#sup1){ref-type="supplementary-material"}).

Next, we further confirmed the effects of DAPK1 knockdown on depressive-like behavior. We first examined the efficiency of DAPK1 knockdown by adeno-associated virus (AAV)-mediated short hairpin RNA ([Figure 4a](#fig4){ref-type="fig"}). DAPK1 expression levels significantly decreased 3 weeks after the infusion of AAV-shDAPK1 in the mPFC (*t*~10~=9.737, *P*\<0.01; [Figure 4b](#fig4){ref-type="fig"}). One week after infusing AAV-shDAPK1 or AAV-Scramble in the mPFC, the rats were subjected to CUS and underwent behavioral tests ([Figure 4c](#fig4){ref-type="fig"}). The intra-PFC infusion of AAV-shDAPK1 prevented the CUS-induced decrease in sucrose preference (F~1,47~=8.751, *P*\<0.01; [Figures 4d and e](#fig4){ref-type="fig"}) and prevented the CUS-induced increase in immobility time (F~1,47~=4.227, *P*\<0.05; [Figure 4f](#fig4){ref-type="fig"}). The AAV-shDAPK1 microinjection decreased DAPK1 expression levels in both the control and CUS groups (F~1,28~=4.148, *P*=0.051; [Figure 4g](#fig4){ref-type="fig"}). DAPK1 knockdown also reversed the CUS-induced increases in p-GluN2B (main effect of vector: F~1,28~=13.302, *P*\<0.01), and decreases in p-CREB (F~1,28~=3.403, *P*=0.076) and BDNF (F~1,28~=16.683, *P*\<0.01) in the mPFC ([Figure 4g](#fig4){ref-type="fig"}), without affecting GluN1 or GluN2B levels.

These results indicate that DAPK1 knockdown or pharmacological inhibition significantly prevented or reversed CUS-induced depressive-like behavior, and normalized GluN2B signaling in the mPFC.

Uncoupling DAPK1 from the GluN2B subunit produces rapid and sustained antidepressant-like effects
-------------------------------------------------------------------------------------------------

Activated DAPK1 phosphorylates GluN2B subunits at Ser1303 and influences the activation of downstream signaling pathways. We examined whether the DAPK1--GluN2B interaction is directly involved in regulating depressive-like behavior. Uncoupling DAPK1 from the GluN2B subunit by Tat-GluN2B~CT~ infusion in the mPFC produced rapid antidepressant-like effects, reflected by an increase in sucrose preference (F~1,45~=7.171, *P*=0.01; [Figure 5b](#fig5){ref-type="fig"}), no changes in total fluid consumption ([Supplementary Figure S10b](#sup1){ref-type="supplementary-material"}) and a decrease in immobility time (F~1,45~=10.664, *P*\<0.01; [Figure 5c](#fig5){ref-type="fig"}). Co-immunoprecipitation revealed that Tat-GluN2B~CT~ blocked the DAPK1--GluN2B interaction (DAPK1: F~1,28~=9.680, *P*\<0.01; GluN2B: F~1,28~=0.071, *P*=0.792; [Figure 5d](#fig5){ref-type="fig"}). Tat-GluN2B~CT~ infusion in the mPFC also reversed the CUS-induced decrease in sucrose preference (F~1,41~=5.704, *P*\<0.05; [Figure 5f](#fig5){ref-type="fig"}), without affecting total fluid consumption ([Supplementary Figure S10d](#sup1){ref-type="supplementary-material"}), and reversed the CUS-induced increase in immobility time (F~1,41~=15.619, *P*\<0.01; [Figure 5g](#fig5){ref-type="fig"}) 7 days after administration.

These results indicate that inhibition of the DAPK1--GluN2B interaction in the mPFC produced rapid and sustained antidepressant-like effects.

Discussion
==========

In the present study, we found elevations in glutamate accumulation and astrocyte loss in the mPFC in CUS-exposed rats. Chronic stress also caused overactivation of GluN2B-containing NMDARs in the mPFC, with no abnormalities in GluN2A-containing NMDARs. Elevated glutamate accumulation that is induced by CUS or the blockade of glutamate uptake is critical for the development of depressive-like behavior by regulating the dynamics of the DAPK1--GluN2B subunit interaction and downstream CREB--BDNF pathway in the mPFC. The GluN2B antagonist rapidly reversed depressive-like behavior that was induced by CUS or the blockade of glutamate uptake, and normalized the levels of p-GluN2B (Ser1303), downstream signaling molecules (p-CREB and BDNF) and synaptic proteins in the mPFC. The inhibition of DAPK1 or its interaction with the NMDAR GluN2B subunit produced rapid and sustained antidepressant-like effects. We also found that the GluN2A antagonist PEAQX at a dose of 5 mg kg^−1^ had no effect on CUS-induced depressive-like behavior. Altogether, these results indicate that the DAPK1 interaction with the GluN2B subunit in the mPFC has an important role in the etiology of depression, and interfering with this process produces rapid and sustained antidepressant-like effects.

Extracellular glutamate concentrations are tightly regulated by glutamate transporters, especially glutamate transporter-1, which is predominantly expressed by astrocytes.^[@bib43]^ A loss of glial cells and lower expression of glutamate transporters in the PFC, amygdala and hippocampus were reported in clinical postmortem studies of depressed patients and animal models of depression.^[@bib6],\ [@bib34],\ [@bib44],\ [@bib45],\ [@bib46]^ Similarly, we found astrocytes loss and the low expression of glutamate transporter-1 and glial fibrillary acidic protein in the mPFC after CUS, which may contribute to the persistently high levels of extracellular glutamate. We also found that the blockade of astrocytic glutamate uptake and CUS caused similar behavioral and molecular changes. These data support the hypothesis that glutamate-induced neurotoxicity contributes to the etiology of depression.^[@bib3],\ [@bib47],\ [@bib48]^

Accumulating evidence suggests that glutamatergic transmission via synaptic NMDARs (mainly GluN1-/GluN2A-containing NMDARs) promotes neuroprotection, whereas the stimulation of extrasynaptic NMDARs (mainly GluN1-/GluN2B-containing NMDARs) leads to excitotoxicity.^[@bib49],\ [@bib50]^ Extrasynaptic NMDARs are activated by glutamate overflow from synapses or from the ectopic release of glutamate. Perturbations in the balance between synaptic and extrasynaptic NMDAR activity contribute to neuronal dysfunction in acute ischemia, Huntington's disease and Alzheimer's disease.^[@bib15],\ [@bib18],\ [@bib19],\ [@bib20]^ We found that chronic stress did not alter synaptic NMDAR-mediated currents that were evoked by a single stimulation but increased NMDAR-mediated currents that were evoked by high-frequency stimulation, accompanied by a significant increase in the decay time of the receptor complex. The GluN2B-selective antagonist ifenprodil eliminated these alterations. Combined with the biochemical data that showed that CUS increased GluN2B but not GluN2A expression and activity in the mPFC, we speculate that a population of extrasynaptic GluN2B-containing NMDARs is activated by bursts of high-frequency stimulation under conditions of stress. A higher probability of presynaptic neurotransmitter release and glial dysfunction may also facilitate the overflow of glutamate to extrasynaptic sites,^[@bib43],\ [@bib51]^ thus leading to the overactivation of extrasynaptic GluN2B-containing NMDARs. Altogether, excess extracellular glutamate after CUS can induce synaptic glutamate spillover, activate extrasynaptic GluN2B-containing NMDARs, trigger excitotoxicity and cell death pathways, and ultimately lead to neuronal atrophy and overall synaptic depression in the PFC and hippocampus and the development of depressive-like behaviors.^[@bib6],\ [@bib52]^

DAPK1 is a unique multidomain serine/threonine kinase, and its enzymatic activity is negatively regulated by autophosphorylation at Ser308 in the Ca^2+^/CaM regulatory domain.^[@bib53]^ We found that DAPK is dephosphorylated (Ser308) and activated after CUS, and activated DAPK1 is more likely recruited to bind with the GluN2B subunit and phosphorylates the GluN2B subunit at Ser1303. Elevated glutamate accumulation triggers intracellular calcium overload, which may activate DAPK1 and promote its interaction with GluN2B at extrasynaptic sites, resulting in neurotoxicity.^[@bib19],\ [@bib54]^ Previous studies reported that the blockade of GluN2B-containing NMDARs prevented glutamate accumulation-induced neurotoxicity and even reversed the downregulation of neurotrophic factors.^[@bib19],\ [@bib28],\ [@bib55],\ [@bib56],\ [@bib57]^ Rapid-acting antidepressants (for example, NMDAR antagonists) antagonize inhibitory interneurons in the mPFC, leading to the disinhibition of pyramidal neurons and an increase in synaptic glutamate release and recycling, which are capable of increasing α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-mediated neurotransmission and initiating a cascade of events that ultimately facilitate an antidepressant response.^[@bib58],\ [@bib59],\ [@bib60]^

Ifenprodil is an α1 adrenergic receptor antagonist that was originally developed as a vasodilator.^[@bib61]^ It was subsequently found to be a highly selective antagonist of the NMDA GluN2B subunit.^[@bib62]^ Upon ifenprodil binding, the bi-lobed structure of the GluN2 amino-terminal domain adopts a closed conformation, accompanied by rearrangement of the GluN1--GluN2 amino-terminal domain heterodimeric interface to inhibit receptor activity.^[@bib63],\ [@bib64]^ In the present study, we found that selective inhibition of the GluN2B subunit with ifenprodil produced rapid antidepressant-like actions in rats that were subjected to the FST and CUS. The inhibition of DAPK1 or its interaction with the GluN2B subunit in the mPFC also exerted rapid and sustained antidepressant-like effects. These behavioral responses were correlated with decreases in the levels of DAPK1 and p-GluN2B, and increases in the levels of p-CREB and BDNF in the mPFC. Extrasynaptic NMDAR stimulation triggers the CREB shut-off pathway, which reduces BDNF expression.^[@bib17],\ [@bib28]^ The synaptic and behavioral actions of rapid-acting antidepressants require BDNF signaling, which regulates synaptic protein synthesis.^[@bib10],\ [@bib58],\ [@bib65]^ Thus, the most reasonable explanation for our findings is that under conditions of depression, activated DAPK1 is recruited to the NMDAR GluN2B subunit and phosphorylates the GluN2B subunit at Ser1303, subsequently triggering the CREB shut-off pathway. The inhibition of DAPK1 or GluN2B or their interaction blocked the activation of the CREB shut-off pathway and promoted CREB-dependent gene expression, generating rapid antidepressant-like effects.

Although several studies have shown that the GluN2A subunit is involved in regulating depressive-like behavior,^[@bib21],\ [@bib42]^ we found that the selective GluN2A antagonist PEAQX at a dose of 5 mg kg^−1^ had no effect on CUS-induced depressive-like behavior. The distinct roles of GluN2A- and GluN2B-containing NMDARs in the central nervous system have been widely reported, which could explain why GluN2A antagonism did not produce rapid antidepressant-like effects but GluN2B antagonism did.^[@bib14],\ [@bib57],\ [@bib66],\ [@bib67]^ However, we cannot completely exclude the possibly important role of the GluN2A subunit in the etiology of depression and antidepressant-like effects. The full dose--response effect of the GluN2A antagonist and additional phosphorylation sites of GluN2A need to be studied. A recent study found that the antidepressant-like effects of GluN2B antagonist were absent in *GluN2A* knockout mice, indicating that GluN2A is required for the ability of GluN2B antagonist to reverse depressive-like behavior.^[@bib23]^ Further investigations of the specific roles of the GluN2A and GluN2B subunits in depression are needed.

Recent meta-analyses showed that ketamine, but less so of other NMDAR antagonists, has rapid and prolonged antidepressant efficacy in major depressive disorder and bipolar depressed patients.^[@bib68],\ [@bib69]^ It is noteworthy to discuss the potential mechanisms that may contribute to the discrepancy between the efficacy of ketamine and other NMDAR antagonists in clinical trials. Although ketamine is a high-affinity NMDA receptor antagonist, it has both opiate and stimulant effects.^[@bib70]^ Actions on dopaminergic and serotonergic systems and sigma receptors have also been postulated to be alternate mechanisms of ketamine's antidepressant effects.^[@bib71],\ [@bib72],\ [@bib73],\ [@bib74],\ [@bib75]^ In addition, the structure and physiology of NMDA receptors are complex. Therefore, different NMDAR antagonists (for example, ketamine and memantine) may have different effects on NMDAR-mediated neurotransmission and downstream intracellular signaling.^[@bib76]^ Finally, recent studies argued that NMDAR antagonist may not be the primary mechanism of action for ketamine in depression. Ketamine may accumulate in neurons via classic acid trapping in intracellular organelles and directly act on intracellular targets in lysosomes or the endoplasmic reticulum in an NMDAR-independent pathway.^[@bib77],\ [@bib78],\ [@bib79]^ The ketamine metabolite (2*R*,6*R*)-hydroxynorketamine exerted rapid and sustained antidepressant effects in mice, although hydroxynorketamine did not affect NMDARs in CA1 hippocampal slices.^[@bib80]^ In the present study, we found that the DAPK1 interaction with GluN2B in the mPFC has a crucial role in the etiology of depression, and targeting this process produced rapid and sustained antidepressant-like effects. The selective GluN2B-containing NMDAR antagonist ifenprodil did not produce rewarding effects. We propose a model that depicts the involvement of GluN2B-containing NMDARs and associated signaling molecules in the mPFC in depression ([Figure 5h](#fig5){ref-type="fig"}).

Conclusion
==========

In summary, the present findings support the hypothesis that the DAPK1 interaction with GluN2B in the mPFC has a critical role in the pathophysiology of depression. We found that chronic stress-induced extracellular glutamate accumulation that overflowed onto extrasynaptic GluN2B-containing NMDARs enhanced the DAPK1 interaction with GluN2B and inhibited the downstream CREB--BDNF pathway, all of which contributed to the behavioral symptoms of depression. The selective inhibition of DAPK1 or its interaction with the GluN2B subunit in the mPFC had rapid and sustained antidepressant-like effects. These findings extend our understanding of the glutamatergic mechanisms of depression and antidepressant action, providing novel targets for the development of rapid-acting therapeutic agents with limited side effects.
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![Chronic unpredictable stress increased extracellular glutamate levels and activated extrasynaptic GluN2B-containing NMDARs in the mPFC. (**a**) Timeline of CUS exposure, behavioral testing and microdialysis (*n*=4--5 per group). (**b**) Photograph of microdialysis site in the mPFC. (**c**) Extracellular glutamate in CUS-exposed rats was significantly higher than that in control rats. The levels of glutamate were measured every 30 min for 3 h after probe equilibration in the mPFC. (**d**) Timeline of CUS exposure and sample collection (*n*=8 per group). (**e**, **f**) Representative western blots and quantification of fold changes in GLT-1 and GFAP expression in the mPFC relative to control. (**g**) Representative image of GFAP-labeled astrocytes in the mPFC, counterstained with DAPI. Scale bar=50 μm. (**h**) Results are expressed as mean±s.e.m. of GFAP-positive cells per mm^2^. *n*=4 per group. (**i**) Representative EPSC traces. (**j**) Plot of the normalized and averaged amplitudes of NMDAR EPSCs that were evoked at 40 Hz in the mPFC at a holding potential of +50 mV in the presence and absence of ifenprodil (*n*=6 neurons per group). (**k**) Average decay time constant of NMDAR EPSCs that were evoked by 12 pulses at 40 Hz stimulation in the presence and absence of ifenprodil. The data are expressed as mean±s.e.m., \**P*\<0.05, \*\**P*\<0.01, compared with control group; ^\#^*P*\<0.05, compared with CUS+vehicle group. CUS, chronic unpredictable stress; DAPI, 4′,6-diamidino-2-phenylindole; EPSC, excitatory postsynaptic current; GFAP, glial fibrillary acidic protein; GLT-1, glutamate transporter 1; mPFC, medial prefrontal cortex; NMDAR, *N*-methyl-D-aspartate receptor.](mp201785f1){#fig1}

![Chronic unpredictable stress increased the expression levels of GluN2B and DAPK1 and their interaction in the mPFC. (**a**) Timeline of CUS exposure and sample collection (*n*=8--9 per group). (**b**) Representative western blots and quantification of fold changes in GluN1, GluN2A, p-GluN2A, GluN2B, p-GluN2B, DAPK1, p-DAPK1, CREB, p-CREB and BDNF in the mPFC relative to control. (**c**) Co-immunoprecipitation of GluN2B with DAPK1 in the mPFC in control and CUS rats. The quantification analysis revealed a greater interaction between GluN2B and DAPK1 in the mPFC after CUS exposure (*n*=6 per group). (**d**) Timeline of surgery, drug microinjection, behavioral testing and sample collection (*n*=8--9 per group). (**e**) Microinjection of DHK in the mPFC rapidly decreased sucrose preference but did not affect total fluid consumption. (**f**) Representative western blots and quantification of fold changes in GluN1, GluN2A, p-GluN2A, GluN2B, p-GluN2B, DAPK1, CREB, p-CREB and BDNF in the mPFC after DHK infusion relative to vehicle. The data are expressed as mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01, compared with control or vehicle group. BDNF, brain-derived neurotrophic factor; CREB, cyclic AMP response element-binding protein; CUS, chronic unpredictable stress; DAPK1, death-associated protein kinase 1; DHK, dihydrokainate; mPFC, medial prefrontal cortex.](mp201785f2){#fig2}

![GluN2B-specific antagonist produced rapid antidepressant-like effects and reversed CUS-induced synaptic protein deficits. (**a**) Timeline of CUS exposure, ifenprodil administration and behavioral testing (*n*=8--9 per group). (**b**, **c**) Acute ifenprodil administration dose-dependently increased sucrose preference in the SPT (**b**) and reduced immobility time in the FST (**c**) in CUS-exposed rats. (**d**) Timeline of CUS exposure, ifenprodil injection and decapitation (*n*=8--10 per group). (**e**) Representative western blots and quantification of fold changes in GluN1, GluN2A, p-GluN2A, GluN2B, p-GluN2B, DAPK1, CREB, p-CREB and BDNF in the mPFC 30 min, 1 h and 6 h after ifenprodil administration. (**f**) Timeline of CUS exposure, ifenprodil injection and decapitation (*n*=8--9 per group). (**g**) Representative western blots and quantification of fold changes in GluA1, synapsin I and PSD95 in synaptoneurosomes in the mPFC 6 h after ifenprodil administration. The data are expressed as mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01, compared with control or control+vehicle group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with CUS+vehicle group; n.s., nonsignificant difference. BDNF, brain-derived neurotrophic factor; CREB, cyclic AMP response element-binding protein; CUS, chronic unpredictable stress; DAPK1, death-associated protein kinase 1; FST, forced swim test; mPFC, medial prefrontal cortex; PSD95, postsynaptic density 95; SPT, sucrose preference test.](mp201785f3){#fig3}

![Knockdown of DAPK1 prevented CUS-induced depressive-like behavior and normalized GluN2B signaling in the mPFC. (**a**) Representative photographs of the injection sites and coronal brain sections in the mPFC. The figure shows representative micrographs of adeno-associated virus (AAV)-mediated enhanced green fluorescent protein (eGFP; green) after mPFC microinjection. Scale bars=100 μm (low-magnification images) and 50 μm (high-magnification images). (**b**) DAPK1 expression in the mPFC in rats that were microinfused with AAV-Scramble or AAV-shDAPK1, quantified by western blot. \*\**P*\<0.01, compared with the AAV-Scramble group. *n*=6 per group. (**c**) Timeline of AAV microinjection, CUS exposure and behavioral testing (*n*=8--18 per group). (**d**--**f**) Intra-mPFC microinjection of AAV-shDAPK1 prevented the decrease in sucrose preference (**d**) and did not affect total fluid consumption (**e**) in the SPT, and prevented the increase in immobility time in the FST (**f**) induced by CUS. (**g**) Representative western blots and quantification of fold changes in GluN1, DAPK1, GluN2B, p-GluN2B, CREB, p-CREB and BDNF in the mPFC after AAV-Scramble or AAV-shDAPK1 microinjection (*n*=8 per group). The data are expressed as mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01, compared with control+AAV-Scramble group; ^\#\#^*P*\<0.01, compared with CUS+AAV-Scramble group. BDNF, brain-derived neurotrophic factor; CREB, cyclic AMP response element-binding protein; CUS, chronic unpredictable stress; DAPK1, death-associated protein kinase 1; FST, forced swim test; mPFC, medial prefrontal cortex; SPT, sucrose preference test.](mp201785f4){#fig4}

![Inhibition of GluN2B--DAPK1 interaction produced rapid and sustained antidepressant-like effects. (**a**) Timeline of surgery, CUS exposure, drug microinjection and behavioral testing (*n*=10--15 per group). (**b**, **c**) Tat-GluN2B~CT~ rapidly increased sucrose preference in the SPT (**b**) and decreased immobility time in the FST (**c**) in CUS rats. (**d**) Representative GluN2B immunoprecipitation after Tat-GluN2B~CT~ and Tat-sGluN2B~CT~ treatment. Administration of Tat-GluN2B~CT~ led to the dissociation of GluN2B--DAPK1 complexes (*n*=8 per group). (**e**) Timeline of surgery, CUS exposure, drug microinjection and behavioral testing 7 days later (*n*=10--13 per group). (**f**, **g**) Tat-GluN2B~CT~ reversed the decrease in sucrose preference in the SPT (**f**) and the increase in immobility time in the FST (**g**) induced by CUS 7 days after administration. \*\**P*\<0.01, compared with control+Tat-sGluN2B~CT~ group; ^\#\#^*P*\<0.01, compared with CUS+Tat-sGluN2B~CT~ group. (**h**) Schematic diagram that illustrates the involvement of GluN2B-containing NMDARs and associated signaling molecules in the mPFC in depressive-like behavior. Chronic unpredictable stress exposure or the blockade of glutamate transporter-1 (GLT-1) impaired glutamate uptake into astrocytes, thus causing extracellular glutamate to accumulate and overflow onto extrasynaptic GluN2B-containing NMDARs. DAPK1 was activated when extracellular glutamate accumulated and phosphorylated GluN2B at Ser1303, leading to calcium influx. The activation of GluN2B by DAPK1 decreased p-CREB and BNDF levels and subsequently induced synaptic protein deficits and depressive-like behavior. Selective GluN2B antagonism, DAPK1 inhibition or uncoupling DAPK1 from the NMDAR GluN2B subunit rapidly rescued depressive-like behavior, followed by the normalization of GluN2B activation and increases in p-CREB and BDNF levels. GluN2B antagonism reversed the synaptic protein deficits that were caused by CUS exposure. BDNF, brain-derived neurotrophic factor; CREB, cyclic AMP response element-binding protein; CUS, chronic unpredictable stress; DAPK1, death-associated protein kinase 1; FST, forced swim test; mPFC, medial prefrontal cortex; NMDAR, *N*-methyl-D-aspartate receptor; SPT, sucrose preference test.](mp201785f5){#fig5}
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